Atomic oxygen measurement utilizing the resonance lamp technique is described. It is probably the most reliable method in the lower thermosphere even at present. However, its performance has not been sophisticated enough yet. The uncertainty sources are (1) shock wave disturbance around the rocket and (2) correction for the Doppler shift. We must also be careful against the contamination due to the chemical effects of vacuum ultraviolet photons.
Introduction
Atomic oxygen (O) is the most important constituent in the lower thermosphere. It is one of the major neutral components above 100 km, and is still major even at 1000 km. It is chemically active, and relates various kinds of chemical reactions such as of airglow excitation and ionneutral reactions. The production of O atom is due to photodissociation of O 2 in daytime by the solar UV, and the loss is due to downward transport by the eddy diffusion followed by recombination to go back to O 2 (see e.g. Tohmatsu and Ogawa, 1990) . The nighttime airglow is a consequence of chemical energy stored as a form of O atom in daytime. The variability in the night airglow intensity may be understood as a consequence of the combination of steep gradient of O density below 90 km and density and/or temperature modulation due to atmospheric gravity waves coming from the lower atmosphere (e.g. Iwagami et al., 2003) . Therefore, measurement of O density is indispensable to understand phenomena occurring in the lower thermosphere.
Probably the most reliable method to measure the atomic O density in the lower thermosphere is the 'resonance lamp technique' first developed by Dickinson et al. (1974) . Later this technique is succeeded by a Swedish group (Gumbel et al., 1998) and a Tokyo group (Kita et al., 1996) . The instrument described here is the latest version of that of the Tokyo group. The measuring principle is simple and straightforward; it utilizes the well-known resonance scattering at the 130.2, 130.5 and 130.6 nm triplet lines ( 3 P − 3 S) emitted by a lamp specially designed for such purpose. As the first approximation, the triplet intensity scattered back is in proportion to the atomic O density in the scattering volume. The simultaneous measurement with airglows provided reasonable consistency with the expected excitation process (Iwagami et al., 2003) although some uncertainty still remains especially in the absolute value. However, measurement on board a sounding rocket causes various kinds of difficulty as well. In the present paper the sources of uncertainties and the advantages as well as the disadvantages of Copyright c TERRAPUB, 2013. the resonance lamp technique are discussed.
Instrumentation
In Fig. 1 the atomic O instrument is illustrated schematically for both the measurement (left) and the check (right) procedures. It is composed of a resonance lamp, two CaF 2 windows, a VUV (vacuum ultraviolet) PMT (photomultiplier), a VUV phototube, a protecting door and electronics. The electronics box is separated, and not shown in the figure. The lamp manufactured by Resonance Ltd. is specially designed to emit the O 130 nm triplet. The PMT manufactured by Hamamatsu Photonics has a CeI photocathode sensitive in the 110-200 nm region. The triplet emission passing through the CaF 2 window is scattered back by atmospheric O atoms, and partly received by the PMT. As the first approximation the received VUV intensity is in proportion to the ambient O atom number density although background subtraction and non-linearity (self-absorption) effect cannot be ignored. The lamp is turned on and off every 1/128 sec so as to distinguish the resonance scattering signal from the background such as airglows. The difference in the photon count between the lamp-on and off is regarded as the signal due to the atmospheric O atom. The correction for the self-absorption effect is eliminated by the calibration procedure using a vacuum chamber as noted in a latter section as well as by radiative transfer calculations.
The wedge-like shape of the outlook in Fig. 1 comes from the necessity to minimize the size of the shock wave modulated volume around the rocket. Since the air parameters such as density and temperature inside the shocked volume are disturbed, it is important to set the scattering volume outside the disturbed region by minimizing the shockdisturbed volume.
The door is to protect the optics from contamination. It is opened during the measurement on board a rocket and during the calibration in a vacuum chamber, while it is closed during a check procedure in room air. The normal operation of the lamp is monitored by a VUV phototube set near the lamp. In case of a check procedure in room air, the triplet emission from the lamp is led to the PMT by reflection on the backside of the closed door as illustrated in Fig.1 (right) . For such check procedure, the inside of the optics room is filled with N 2 gas to keep transparency for the VUV photons. The room air containing 21% O 2 is opaque in the VUV region. Such N 2 purging was kept until the launching instance as far as the lamp is on. We must be careful against contamination on the optics. The 130 nm photon has so large energy as 10 eV, it has an ability to cause various chemical reactions to produce opaque film on the optics from organic molecules in the air (Matienzo et al., 1994) . Such film is transparent for the visible light, and difficult to be noticed by inspection with our naked eyes. The cause of failures of the first two rocket experiments in 1989 and 1990 seems to be such contamination due to organic gases emitted from the heated nose-fairing made of FRP (fiber reinforced plastic) during ascent. The successful measurement described in Kita et al. (1996) was the third trial. The minimum number of the telemetry channel is seven: triplet outputs (low, medium and high gains), backgrounds (low, medium and high gains) and the lamp monitor by the phototube. The minimum bit rate needed is 11.2 kbps (8 bit × 200 Hz sampling × 7 channels).
Calibration
The sensitivity of the O instrument must be calibrated in the laboratory before the launch. It was carried out by using a vacuum chamber with an inner diameter of 60 cm as illustrated in Fig. 2 . O atoms are produced from O 2 gas by RF (radio frequency: about 100 MHz) discharging, and are let into the chamber. Ar or He gas mixed to O 2 works as buffer to keep the discharging stable. In the present case, Fig. 4 . Examples of O atom density distributions measured during the ascent and the descent of the S-310-29 rocket experiment. Those during descent seem to be disturbed by the wake effect. The double-peak (at 90 and 100 km) structure seen in the O atom density distributions seem to be real because a corresponding structure is found in the measured volume emission rate profiles of airglows (figure after Iwagami et al., 2003) . Since the former is roughly in proportion to the cube of the latter, the factor of 0.31 for the former corresponds to a factor of 0.68 for the latter (figure after Iwagami et al., 2003) .
the pressure in the chamber was kept at around 0.05 torr (corresponding to number density of 1.5 × 10 15 cm −3 , mixture of O 2 and He/Ar) so as to obtain the maximum O density by adjusting the flow rate of O 2 and He/Ar. However, the optimum pressure probably depends on the capacity of the pump/discharger and the size of the chamber. Since the maximum O density obtained was 3 × 10 11 cm −3 corresponding to a mixing ratio of 0.002, the conversion efficiency from O 2 to O is estimated to be 0.004. In the central part of the chamber, the O atom density is monitored with another set of a resonance lamp and a VUV phototube based on the absorption method. The absorption cross section can be calculated from the atomic parameters (Kita et al., 1996) . The homogeneity of O density in the chamber Fig. 6 . An example of Monte-Carlo simulation of shock structure around a rocket ascending at 90 km. The attachment probability of O atom on the rocket body P attach is assumed to be unity (that is, the O atoms hit on the rocket body disappear). The O density in the scattering volume appears to increase by a factor of 1.0 to 1.2 (figure after Suzuki, 2002) . is confirmed by changing the distance between the phototube and the lamp as seen in the figure. The relation between the O atom density and the output signal is shown in Fig. 3 where both calibration results obtained by us and by the manufacturer (Resonance Ltd.) and the theoretically expected curve are plotted together. They show satisfactory agreement within about 20% or so. Since the optical thickness of the triplet at the line center apt to exceed unity for such calibration, the curve of growth shows a considerable non-linearity. For the calculation of the curve of growth, the 130 nm triplet line profile (double Gaussan of 350 K and 5500 K) is taken from Jenkins et al. (1985) . The detail of the calibration procedure is described in Kita et al. (1996) .
Example of Results
In Fig. 4 an example of results of a rocket experiment is shown. The O atom density distributions measured during the ascent and the descent are plotted together. Those during the ascent appear to be natural because just a little modulation due to spinning motion is found. However, those during the descent seem to be disturbed so much because a considerably deep spin modulation and fewer densities than in the ascent are found. However, the O densities during the descent seem to be similar to those during the ascent because the volume emission rates of the airglows measured during the descent are close to those during the ascent within a few tens percent. This is as expected because of a small attack-angle (angle between the rocket's spin axis and the rocket's velocity vector) during the ascent and a large one during the descent. The O densities during the descent smaller than those during the ascent seem to be due to the wake effect. The double-peak (at 90 and 100 km) structures seen in the O atom density distributions found both in the ascent and the descent seem to be real because a corresponding double peak structure is also found in the measured volume emission rate profile of the airglow as shown in Fig. 5 (Iwagami et al., 2003) . In the figure, comparisons of measured and calculated volume emission rates shows at least a qualitative agreement. However, quantitative agreement is not so good as to need a correction factor of 0.31 for the latter. Here, the calculated rate is derived from the measured O densities assuming the two-step excitation mechanism and the steady state approximation (see equation 4 of Iwagami et al., 2003) . Since the volume emission rate is roughly in proportion to the cube of O density, it corresponds to a correction factor of 0.68 (= 0.31 1/3 ) for the O density. This is not so serious although the discrepancy of 32% exceeds that found in the calibration procedure of 20%.
Remaining Problems
As seen in the previous section, the present method still has some problems. They are (1) disturbance due to shock and (2) uncertainty due to the Doppler shift.
About (1) it may be possible to minimize the effect by setting the scattering volume well outside the shock region. The wedge-like shape of the present instrument aims at such advantage. Also it is possible to correct such effect by using a Monte-Carlo simulation as demonstrated in Fig. 6 (Suzuki, 2002) . In the figure the O density enhancement at 90 km (with an attachment factor of unity assumed) during the ascent is simulated. At the edge of the scattering volume, the simulated O density appears to increase by a factor of 1 to 1.2.
Another source of uncertainty (2) is due to the Doppler shift of the line. In Fig. 7 the relation between the profiles of the emission line from the lamp and that of the scattering cross section of ambient O atoms is shown. If the attack angle is zero, no correction is needed; however, if it is 10
• , a considerable disagreement between the line profiles occurs as seen in Fig. 7 , and the output may be affected. This is because the radial component of the rocket speed at 90 km during ascent (∼0.23 km/s= 1.3 km/s × sin 10
• ) seen from the atmosphere may become comparable to the thermal speed of atmospheric O atoms (∼0.46 km/s at 200 K). The profile of the lamp line shows a double Gaussian with temperatures of 350 K and 5500 K (Jenkins et al., 1985) . However, the measurement of the line profile is scarce because it needs high resolution spectrometer in the VUV region, and a considerable uncertainty seems to remain still now. Such measurement of the line profile is needed for more reliable measurement in future.
